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Chickpea (Cicer arietinum L.) is a major source of human and animal high-protein food and the worlds third most important food legume after beans (Phaseolus vulgaris L.) and peas (Pisum sativum L.) (39) . Chickpea production is severely limited by Fusarium wilt caused by Fusarium oxysporum Schlechtend.:Fr. f. sp. ciceris (Padwick) Matuo & K. Sato worldwide (19) . Annual chickpea yield losses from Fusarium wilt vary from 10 to 15% (19, 43) , but the disease can destroy the crop completely under specific conditions (35) .
Management of Fusarium wilt of chickpea has involved the use of resistant cultivars and adjustment of sowing dates (19, 34) . However, the effectiveness of these management practices is curtailed by the occurrence of races of the pathogen (16, 20, 34) . Seven races of F. oxysporum f. sp. ciceris, designated 0 to 6 have been identified (16, 20) . Races 1 through 4 were first described in India (16) . Later, race 0 was reported in California, Spain, and Tunisia; and races 1 and 6 were identified in California, Morocco, and Spain. Race 5, the most virulent of the races occurring in Spain, also occurs in California (20) .
The application of rhizobacteria could aid in the management of Fusarium wilt of chickpea when used in combination with resistant cultivars and choice of sowing date. Strains of Pseudomonas spp., Burkholderia spp., Bacillus spp., and Paenibacillus spp. (formerly Bacillus spp.) have shown potential in suppression of Fusarium wilt diseases of other crops including chickpea, cotton, and radish (7, 9, 17, 27, 28, 38) . The amount of disease suppression achieved by introduced biocontrol agents is influenced by a number of biotic and abiotic factors such as dose of the agent applied, inoculum density of the pathogen, host genotype, and conduciveness of environment to disease (3, 5, 13, 18, 21, 22, 26, 31, 38, 40, 41) . Temperature is an especially important factor influencing the success of a biocontrol agent. Studies on this latter subject have dealt primarily with root rot and damping-off diseases (2, 14, 32, 42) or with diseases affecting aerial plant parts (8, 24, 36) , but Fusarium wilt diseases have received little study. Similarly, the incidence and severity of Fusarium wilt of chickpeas also is influenced by multiple factors including the virulence and inoculum density of the pathogen, cultivar susceptibility, and their interactions (33) . Severity of the disease is modulated by temperature (12, 34) , but the precise effect of temperature on disease development is not known. A better understanding of the influence of temperature and inoculum density of F. oxysporum f. sp. ciceris on Fusarium wilt development, and how they impact the success of biocontrol agents will enable better predictions of disease development and more efficient uses of biocontrol agents for Fusarium wilt management. The objective of this study was to determine the effect of temperature and inoculum density of F. oxysporum f. sp. ciceris race 5 on development of Fusarium wilt of chickpea and biocontrol activity of rhizobacteria isolated from the chickpea rhizosphere.
MATERIALS AND METHODS
Fungal isolate and inoculum production. The monoconidial isolate Foc 8012 of F. oxysporum f. sp. ciceris race 5 used in this study was obtained from an infected chickpea in southern Spain and has been used previously (17, 33) . Isolate Foc 8012 was stored in sterile soil tubes at 4°C. Active cultures were obtained by placing small aliquots of a soil culture onto a plate of fresh potato dextrose agar (PDA) (250 g of unpeeled potatoes, 20 g of agar, and 20 g of glucose per liter of distilled water) and incubating for 5 days at 25°C with a 12-h photoperiod of fluorescent and near-UV light at 36 µE m -2 s -1 . Inoculum for in planta assays consisted of chlamydospores obtained as previously described (18) . Chlamydospores were stored in sterile soil at 4°C.
Bacterial isolates and inoculum production. Seventeen Bacillus spp., three Paenibacillus spp., two Pseudomonas fluorescens isolates, and one Stenotrophomonas maltophilia isolate were used in this study (Table 1) . These isolates are representative of bacteria that demonstrated in vitro antagonism against F. oxysporum f. sp. ciceris race 5 in a previous study (25) . Bacteria were isolated from rhizosphere soil and roots of chickpea cultivars grown in soil from two fields either with or without a history of chickpea and Fusarium wilt (25) . The bacterial isolates were characterized to species by the API 50CHB, API 20E, and API 20NE identification systems (SA Montalieu, Vercieu, France) (25) . Bacterial cells from cultures in Luria-Bertani broth medium (30) were stored in 25% glycerol at -80°C. Active cultures were obtained by streaking bacteria from stock cultures onto PDA (Difco Laboratories, Detroit) (Bacillus spp., Paenibacillus spp., and S. maltophilia isolates) or King's B agar (KBA) (Pseudomonas fluorescens isolates) (23) and incubating at 28°C for 48 h.
Inocula of Bacillus spp., Paenibacillus spp., and S. maltophilia isolates used to treat seed or soil were produced in 250-ml flasks with potato dextrose broth (Difco Laboratories) at pH 7.0 on an orbital shaker (Adolf Kühner AG, Birsfelden, Switzerland) at 125 rpm and 28°C for 3 days. Cells were harvested by centrifugation (10,500 × g, 20 min). Inocula of Pseudomonas fluorescens isolates were grown on KBA at 28°C for 48 h, were scraped from the medium with a sterile glass rod, and suspended in 0.1 M MgSO 4 . Bacterial suspensions were centrifuged (10,500 × g, 20 min) twice in sterile distilled water to remove residual metabolites and trace of nutrients and resuspended in 0.1 M MgSO 4 to a final concentration of approximately 10 10 CFU/ml. Bacteria seed and soil treatments. Chickpea cv. PV 61 ("kabuli" type, ram head-shaped, beige seed) susceptible to F. oxysporum f. sp. ciceris race 5 (33) was used. Seeds were surfacedisinfested in 2% NaOCl for 3 min, washed three times in sterile distilled water, and dried for 6 h under a stream of filtered air. For seed treatment, 1.5 ml of a bacterial cell suspension was mixed with 10 g of chickpea seeds in a 500-ml Erlenmeyer flask. The mixture was rotatory shaken by hand until the suspension was fully absorbed by the seeds, and the seeds were air dried under a stream of filtered air. The control treatment consisted of seeds treated with 0.1 M MgSO 4 only. To determine bacterial dose on the seed, five seeds of each treatment were each placed in a tube with 10 ml of sterile distilled water and sonicated for 10 min. Serial dilutions of the suspensions were plated onto salt V8 agar Bacillus-semiselective medium (44), PDA, and modified KBA (25) by the conventional API 50CHB, API 20E, and API 20NE identification systems (SA Montalieu, Vercieu, France). Bacteria were applied to the seed and to the soil. b t is = time in days to initial symptoms; DII final = disease intensity index (DII) determined at the final date of disease assessment; SAUDPC = area under disease intensity progress curve estimated by the trapezoidal integration method standardized by duration time in days; and SE = standard error. Data are mean of six randomized blocks each with three pots and four plants per pot. Means in a column followed by an asterisk are significantly different (P < 0.05) than that of the control according to Dunnett's test. c r G = estimated values of the relative rate parameter of the Gompertz model adjusted to DII progress over time. The standard errors of r G obtained from regression analyses were used to compare the effects of experimental treatments. Values followed by an asterisk are significantly lower (P < 0.05) than that of the control. d HG = in vitro hyphal growth of F. oxysporum f. sp. ciceris race 5 in dual culture with each bacterial isolate. Data are mean of 10 replicated plates. Means followed by an asterisk are significantly different (P < 0.05) from that of the control according to Dunnett's test. ** indicates that no inhibition was recorded as the advancing edge of the fungal colony reached the edge of the bacterium colony.
(11) and incubated as previously described to determine populations of Bacillus, Paenibacillus, S. maltophilia, and Pseudomonas fluorescens isolates, respectively. Treated seeds yielded 10 7 to 6 × 10 8 CFU per seed depending upon the bacterial isolate. Seed of the control treatment yielded no bacterial colonies. For soil treatment, 25 g of heat-sterilized talcum powder was infested with 10 ml of a bacterial suspension, and the mixture was dried at 30°C in an incubator for 5 to 7 days. Bacterial populations in the infested talcum powder enumerated by dilution plating as previously described ranged from 1.7 × 10 8 to 1.6 × 10 10 CFU/g of talcum, depending on the bacterial isolate.
Dual cultures. Bacterial strains were tested for their ability to inhibit the hyphal growth of F. oxysporum f. sp. ciceris race 5 in vitro. Assays were performed in petri plates containing 20 ml of PDA. Two bacterial isolates were spotted per plate, 1 cm from the opposite edges of the plate and opposite each other. Bacteria were incubated at 28°C for 48 h and one agar disk, cut from the leading edge of a 5-day-old fungal culture on PDA, was placed in the center of the plate. The bacterial and fungal isolates were plated separately as controls. Plates were incubated at 28°C for 5 days, and the length of hyphal growth toward the bacteria and that of a control plate were measured. Each combination of microorganisms and controls were replicated five times in a randomized complete block design. The experiment was repeated once, and the pooled data from the two experiments were analyzed by analysis of variance.
Suppression of Fusarium wilt by bacteria. A preliminary experiment was conducted to determine the ability of each of the 23 bacterial isolates to suppress Fusarium wilt of cv. PV 61 by applying them as a combination of seed and soil treatment. The combination was used because it provided more consistent suppression bacterial treatments (25) . Chickpea seeds treated with a bacterial isolate were sown in 15-cm-diameter clay pots (four seeds per pot) filled with an autoclaved (121°C, 1 h, twice, on two consecutive days) soil mixture (clay loam/peat, 2:1, vol/vol) artificially infested with 0 or 500 chlamydospores of isolate Foc 8012 per gram of soil and amended with the same bacterial isolate as the seed treatment at approximately 1 × 10 6 CFU/g of soil. Seeds treated with 0.1 M MgSO 4 and sown in soil mixture infested or not with the pathogen and amended with talcum powder served as controls. The soil mixture was autoclaved to eliminate the impact of the activity of the indigenous soil microflora that would vary among soil temperatures. The four treatments were (bacterial treatment/pathogen infestation) (i) nontreated seed + soil/noninfested soil; (ii) nontreated seed + soil/infested soil; (iii) treated seed + soil/noninfested soil; and (iv) treated seed + soil/infested soil. The actual bacterial and pathogen inoculum densities in the infested soil mixture were determined by dilution plating just after sowing. For F. oxysporum f. sp. ciceris race 5, serial dilutions of a soil suspension in sterile distilled water were plated onto V8 juice-oxgall-PCNB agar (VOPA) Fusariumselective medium (4) and incubated at same conditions that pure cultures for 3 to 7 days. For the bacterial isolates, dilution plating and incubation conditions were the same as those previously described. Inoculum densities of bacterial isolates ranged from 1 × 10 5 to 5 × 10 6 CFU/g of soil depending upon isolates. Plants were incubated in a growth chamber adjusted to 25 ± 1°C, 60 to 90% relative humidity, and a 14-h photoperiod of fluorescent light at 360 µE m -2 s -1 for 32 days. Plants in a pot were watered as needed and fertilized with 100 ml of a 0.1%, 20-5-32+micronutrients hydro-sol fertilizer (Haifa Chemicals Ltd., Haifa, Israel) solution every week. Treatments in the experiment comprised two levels of pathogen inoculum density and 24 levels of bacterial isolates. There were three replicated blocks in a randomized complete block design, each treatment consisting of 12 plants (three pots and four plants per pot). The experiment was repeated once, and the pooled data from the two experiments were analyzed by analysis of variance.
Influence of pathogen inoculum density and temperature on suppression of Fusarium wilt by bacteria. Of the 23 original bacterial isolates, Pseudomonas fluorescens RGAF 19, Pseudomonas fluorescens RG 26, Bacillus megaterium RGAF 51, and Paenibacillus macerans RGAF 101 were selected for further study. The criteria for selection was based on the isolates ability to suppress disease caused by F. oxysporum f. sp. ciceris race 5, as well as to either inhibit (isolates RGAF 51 and RGAF 101) or not inhibit (isolates RGAF 19 and RG 26) in vitro hyphal growth of the pathogen. Each of the four bacteria was used for joint seed and soil treatment as previously described. Seeds of 'PV 61' chickpea treated with a bacterium as previously described (four seeds per pot) were sown in autoclaved soil mixture infested with 0, 25, 50, 100, 250, 500, and 1,000 chlamydospores of isolate Foc 8012 per gram of soil and amended with approximately 1 × 10 6 CFU/g of soil of the same bacterium as the seed treatment. Seeds treated with 0.1 M MgSO 4 and sown in the autoclaved soil mixture infested with the same pathogen inoculum density and amended with 1.5 g of talcum powder per gram of soil served as controls. Thus, there were five treatments per pathogen inoculum density. The actual inoculum density of Foc 8012 and the bacteria in the infested soil mixture, and that of the bacteria on chickpea seeds, were determined by dilution plating just after sowing as previously described. Cell densities of bacteria ranged from 0.6 × 10 6 to 2.3 × 10 6 CFU/g of soil and from 1.5 × 10 8 to 3.6 × 10 8 CFU per seed, depending on the experiment and bacterial isolate. Similarity of bacteria and pathogen inoculum densities within a treatment among temperatures was tested by analysis of variance with temperatures as blocks. There were no significant differences (P > 0.05) for bacteria or pathogen inoculum densities among temperatures, which allowed combining data for variance and regression analyses. Plants were grown in a growth chamber adjusted to each of 20 ± 1°C, 25 ± 1°C, and 30 ± 1°C, 60 to 90% relative humidity, and a 14-h photoperiod of fluorescent light at 360 µE m -2 s -1 for 60 days. Plants were watered as needed and fertilized weekly as previously described. There was a separate experiment for each temperature, with the whole set of experiments arranged following a split-plot design. In this design, temperatures were main plots and the factorial combinations of seven levels of pathogen inoculum density and five levels of bacterial antagonists were subplots. There were four blocks, each one comprising three pots (four plants per pot). In each separate experiment, the combination of 50 and 1,000 chlamydospores per gram of soil and the five levels of bacterial antagonists incubated at 25 ± 1°C were additionally included to test reproducibility of results. Analysis of variance of treatments common to the experiments showed no significant differences (P > 0.05) among experiments. Further analyses were performed using the pooled data from the three experiments.
Disease assessment and data analyses. In all experiments, disease incidence and severity were assessed at 2-to 3-day intervals. Severity of symptoms on individual plants were rated on a scale from 0 to 4 according to percentage of foliage with yellowing or necrosis in acropetal progression: 0 = 0%, 1 = 1 to 33%, 2 = 34 to 66%, 3 = 67 to 100%, and 4 = dead plant, as used previously (17, 33) . Upon termination of experiments, isolations were made from stem segments of symptomless plants to determine the occurrence of vascular infections. Stem pieces were cut into 5-to 10-mm pieces, surface-disinfested in 0.2% NaOCl for 2 min, plated on VOPA, and incubated at 25°C with a 12-h photoperiod of fluorescent and near-UV light at 36 µE m -2 s -1 for 3 to 5 days. Incidence and severity (0 to 4 scale) data within a pot were used to calculate a disease intensity index (DII) by the equation DII = (ΣS i N i ) 4 -1 N t , where S i = symptom severity, N i = number of plants with S i symptom severity, and N t = total number of plants (17, 18, 33) . Thus, DII expresses the mean value of disease intensity at any given moment as a proportion of the maximum possible disease. Disease progress curves were obtained from the accumulated DII over time in days from the date of sowing. In the preliminary experiments to screen bacterial isolates for Fusarium wilt suppression, the nonlinear form of the Richards and Gompertz models was evaluated for goodness-of-fit to the set of DII progress data using nonlinear regression analysis. The Richards model, a generalized form of growth curve, offered an improved fit to disease progression data compared with the Gompertz model, which lacks the shape parameter. However, for most of the DII progress curves studied, the estimated value of the Richards function's shape parameter was not significantly different from 1. Because the Richards model becomes closer to Gompertz model as the shape parameter approaches 1 (6, 29) , the Gompertz function was used for further analyses. In the Gompertz equation, DII(t) = K G exp[-B exp(-r G × t)], in which DII = disease intensity index, K G = asymptote parameter, B = constant of integration, r G = relative rate of disease increase, and t = time of disease assessment in days after sowing. In this model, the time taken to reach the inflection point (t ip ) is given by t ip = ln(B)/r G (29) (15, 33) . Using the Gompertz equation in the first step, the time component was separately analyzed for each inoculum density data subset. In the second step, the influence of the inoculum density on the estimated values of the three Gompertz parameters, the asymptotic DII (K G ), the constant of integration (B), and the rate parameter (r G ) were analyzed.
Disease development in the preliminary experiment using 24 bacterial treatments was characterized by four variables associated with disease progress curves: (i) t is = incubation period for disease development, established as the time in days to initial symptoms; (ii) final disease intensity (DII final = DII observed at the final date of disease assessment); (iii) standardized area under the DII progress curve (SAUDPC) calculated by trapezoidal integration method and standardized by duration of disease development in days (6); and (iv) r G = obtained by the estimates of parameters of the Gompertz model fitted to DII progress data. The effect of bacterial treatments on the incubation period, SAUDPC, and in vitro hyphal growth of F. oxysporum f. sp. ciceris race 5 was determined by analysis of variance using the general linear model procedure of SAS (version 6.11, SAS Institute, Cary, NC). The Dunnett's two-tailed t test was used to determine significant differences between bacterial treatments and the control in soil infested with the pathogen (P < 0.05).
To describe the effects of inoculum density (ID) on the t is for disease developed with different bacterial treatments and incubation temperatures, the expanded negative exponential model, t is (ID) = C exp[-r × log(ID)] + K was fitted to data as described by Navas-Cortés et al. (33) . In this model, t is = the incubation period in days, C = constant, r = rate of t is decrease, ID = inoculum density in soil, and K = asymptote parameter for the minimum t is .
Regression analyses were conducted with the least-squares program for nonlinear models (NLIN) procedure of SAS. The coefficient of determination (R 2 ), the mean square error, the standard errors associated with the parameter estimates, confidence intervals of predicted values, and pattern of the standardized residuals plotted against either predicted values or the independent variable were used to evaluate the appropriateness of a model to describe the data (6, 29) .
RESULTS
In vitro hyphal inhibition of F. oxysporum f. sp. ciceris race 5 and suppression of Fusarium wilt. Nineteen Bacillus, Paenibacillus, Pseudomonas, and Stenotrophomonas spp. of the 23 bacterial isolates in the study significantly (P < 0.05) inhibited the in vitro hyphal growth of F. oxysporum f. sp. ciceris race 5. However, the extent of inhibition varied among isolates (Table 1) . Bacillus amyloliquefaciens RGAF 13, Bacillus circulans RG 24, and Pseudomonas fluorescens isolates RGAF 19 and RG 26 did not inhibit the pathogen significantly (P > 0.05).
There were no symptoms in control plants nor in plants from seed treated with bacteria grown in soil treated, but noninfested with the pathogen (data not shown). In control plants grown in infested soil, symptoms characteristic of wilting caused by F. oxysporum f. sp. ciceris race 5 developed 17 days after inoculation. Severe disease developed reaching DII final of 0.969 and SAUDPC of 0.634 (Table 1) . Bacteria varied in their ability to suppress Fusarium wilt in 'PV 61' chickpea; the DII final and SAUDPC in treated plants ranged from 0.785 to 0.996 and 0.465 to 0.705, respectively (Table 1) . Pseudomonas fluorescens RGAF 19 and RG 26 showed the greatest disease suppression among tested isolates and significantly (P < 0.05) reduced the DII final by 16 and 19% , and SAUDPC by 26.7 and 25.9%, respectively. However, all bacterial isolates except for Bacillus megaterium RGAF 12 and Bacillus amyloliquefaciens RGAF 13 significantly (P < 0.05) delayed the incubation period by 1 to 5 days ( Table 1 ). The Gompertz model adequately described all DII progress curves in the experiment (R 2 > 0.99), with the relative rate of DII increase (r G ) in the fitted curves ranging from 0.214 to 0.518.
Relatively high correlation was found among some of the four elements from DII progress curves (DII final , t is , SAUDPC, and r G ). DII final and SAUDPC (r = 0.935) were the curve elements with the highest correlation coefficient, followed by SAUDPC and r G (r = 0.61) and DII final and r G (r = 0.496). There was no significant correlation (P > 0.05) between any of the four DII progress curve elements and the in vitro pathogen hyphal growth ( Table 2) . (Table 1) .
Because there were differences among the actual inoculum densities of bacteria established on seed and in soil for treatments in the experiment, a correlation analysis was performed between the actual inoculum densities established on treated seed and soil and the t is , DII final , SAUDPC, and r G values for DII progress curves associated with the treatments. There was no significant correlation (P > 0.118) between any of the above variables and the bacterial inoculum density achieved in soil (data not shown). However, a low but significant negative correlation (P < 0.012) was found between bacterial inoculum density on seed and the DII final (r < 0.61) and SAUDPC (r < 0.52). Efforts were made to minimize variability in the inoculum densities of bacterial isolates on seeds and in soil treatments in further experiments. Influence of pathogen inoculum density and incubation temperature on suppression of Fusarium wilt by bacteria. The inoculum density of F. oxysporum f. sp. ciceris, incubation temperature, and bacterial treatment (RGAF 19, RG 26, RGAF 51, and RGAF 101) influenced the development of Fusarium wilt in 'PV 61' chickpea. Symptoms did not develop in control plants, or in plants from treated seeds grown in treated, noninfested soil (data not shown). Disease in control plants grown in infested soil was favored at 25°C compared with 20 and 30°C; however, there was a significant (F = 16.73; P < 0.0001) incubation temperaturepathogen inoculum density interaction in disease development.
Thus, at 25°C, disease development was not influenced to any significant extent (F = 1.00; P = 0.4509) by increasing inoculum densities of F. oxysporum f. sp. ciceris; however, there was a significant increase in DII final with the increase in inoculum density at 20°C (F = 10.22; P = 0.0002) and 30°C (F = 7.17; P = 0.0013) (Fig. 1) . Treatments with Pseudomonas fluorescens RGAF 19 and RG 26 enhanced the disease reduction effect caused by the less favorable incubation temperatures. Thus, overall disease suppression by these bacteria was significantly greater (F = 48.55; P = 0.0002) at 20 and 30°C than at 25°C, and this effect was strong (F = 81.88; P < 0.0001) at inoculum densities of F. oxysporum f. sp. ciceris below 250 chlamydospores per gram of soil (Fig. 1) .
Disease developed earlier as inoculum density of F. oxysporum f. sp. ciceris increased, and the time to initial symptoms (t is ) decreased exponentially with this increase (Fig. 2) for all four bacterial treatments. The largest differences in the t is occurred among incubation temperatures (F = 1030.13; P < 0.0001), irrespective of bacterial treatment or inoculum density of the pathogen in soil. Thus, the shortest and longest t is occurred at 30 and 20°C, respectively. For disease reactions within a comparable range of inoculum density of the pathogen, the t is was increased significantly (P < 0.05) by treatments with Pseudomonas fluorescens RGAF 19 and RG 26 compared with the control treatment at all incubation temperatures (Fig. 2) .
The Gompertz model adequately described all DII progress curves obtained for the incubation temperature × bacterial treatment × inoculum density combinations (R 2 > 0.98) (Fig. 1 ). In this model, the estimated values of asymptote parameter, K G , was related to inoculum density (ID) by the monomolecular model (Fig. 3) . Parameters (c 1 to c 7 ) in this equation were simultaneously estimated for each incubation temperature-bacterial isolate combination. Response surfaces for the increase of Fusarium wilt DII in chickpea cv. PV 61 incubated at 20, 25, and 30°C after seed + soil treatment with Pseudomonas fluorescens RG 26 and in the controls (nontreated seeds sown in nontreated soil) are illustrated in Figure 3 .
The threshold of inoculum density for disease to develop was influenced by incubation temperature and bacterial treatment (Fig.  3) . In control plants grown in infested soil, the maximum DII final value at 25°C was attained even at 25 chlamydospores per gram of soil, the lowest of the inoculum densities assayed (Figs. 1 and  3) . In contrast, at 20 and 30°C, which appeared less favorable for disease development, the maximum DII final was not reached even at 1,000 chlamydospores per gram of soil, the highest inoculum density assayed (Figs. 1 and 3) . Bacterial treatments did not modify the overall effect of incubation temperature. However, treatments with Pseudomonas fluorescens RGAF 19 and RG 26 suppressed Fusarium wilt compared with the control when inoculum density of F. oxysporum f. sp. ciceris was below 250 chlamydospores per gram of soil and incubation temperature was 20 or 30°C (Figs. 1 and 3) .
When data from all incubation temperature × bacterial treatment × inoculum density experimental combinations were pooled together, the DII final and SAUDPC decreased linearly, and the estimates of the DII progress rate parameter r G decreased exponentially, with an increase in the time needed for the cumulative DII to reach the inflection point (t ip ) of the adjusted Gompertz equation (Fig. 4) . Data for 20 and 25°C incubation temperature were described by a fitted equation different from that describing data for 30°C. Bacterial treatments did not modify the overall effect of incubation temperature on development of Fusarium wilt. Thus, irrespective of the inoculum density of F. oxysporum f. sp. ciceris in soil or bacterial treatment, the longest and shortest t ip occurred for disease reactions developed at 20 and 30°C, respectively. In addition, for these incubation temperatures, the higher DII final and SAUDPC values were attained with the higher inoculum densities of the pathogen. In contrast, at 25°C there was little variation both in t ip and in the amount of disease associated with inoculum density or bacterial treatments. At 20°C, treatments with Pseudomonas fluorescens RGAF 19 and RG 26 strongly delayed disease development in soil with inoculum densities of F. oxysporum f. sp. ciceris below 250 chlamydospores per gram of soil compared with the control at the same inoculum densities (Fig. 4) , but there were no differences in the amount of disease developed. Conversely, at 30°C and low inoculum densities of the pathogen, these same bacterial treatments delayed the t ip and reduced the DII final and SAUDPC compared with the controls at the same inoculum densities (Fig. 4) . The incubation temperature and pathogen inoculum density also influenced the effect of bacterial treatments on the estimated relative rate of DII progress in the fitted Gompertz equation (Fig. 4) . For incubation at 25 and 30°C, but not for 20°C, r G decreased steadily with decreasing inoculum density of F. oxysporum f. sp. ciceris. Overall, treatments with bacterial isolates reduced the r G at a given inoculum density compared with the control at the same inoculum density. The lowest r G values occurred in treatments with Pseudomonas fluorescens RGAF 19 and RG 26 at low inoculum density of the pathogen.
DISCUSSION
Fusarium wilt diseases can be suppressed with introduced rhizobacteria (7, 27, 28) . Efficacy of introduced rhizobacteria in disease suppression may be influenced by factors in the pathosystem (22, 38, 40, 41) ; however, the influence of temperature on the degree of disease suppression had not been adequately studied in Fusarium wilt diseases. The aim of this work was primarily to assess the effects of temperature and inoculum density of F. oxysporum f. sp. ciceris race 5 on the suppression of Fusarium wilt by introduced rhizobacteria.
This study indicates that Pseudomonas fluorescens RGAF 19 and RG 26 were effective in suppressing Fusarium wilt in chickpea to a degree. However, the results further demonstrate that temperature and inoculum density interact to modulate the level of disease suppression by introduced rhizobacteria. Interestingly, the isolates that were better at disease suppression had the least ability to inhibit F. oxysporum f. sp. ciceris in vitro. The lack of a general correlation between biocontrol ability of microbial agents and their in vitro antagonistic activity against plant pathogens is well accepted (10, 45) .
There are several possibilities that can account for the differential effect of temperature and pathogen inoculum density on suppression of Fusarium wilt by rhizobacteria. One is that the pathogen inoculum potential at 25°C is just too high to be counteracted by the biocontrol agent, because disease developed best at 25°C compared with 20 and 30°C. At 25°C, the disease potential seemed saturated with the least of the inoculum densities of F. oxysporum f. sp. ciceris in the study, because increasing inoculum density did not increase disease. Navas-Cortés et al. (33) found a similar relationship between disease development and F. oxysporum f. sp. ciceris race 5 inoculum density in a study using a 25°C incubation temperature only. In this study, in the absence of rhizobacteria, higher numbers of infections were necessary at 20 and 30°C compared with 25°C for Fusarium wilt to develop early, fast, and severely. When Pseudomonas fluorescens RGAF 19 and RG 26 were introduced with seed and soil, the pathogen inoculum potential must have been reduced because the disease onset and rate of increase were delayed and slowed down, respectively, compared with the control at 20 and 30°C but not at 25°C. These effects would be expected to occur at 20 and 30°C, but not at 25°C, when the inoculum density is reduced in the absence of introduced rhizobacteria. Further, the effects by the introduced rhizobacteria occurred only at low inoculum densities of the pathogen, which suggests a threshold in the extent of reduction of inoculum potential by the rhizobacteria. Thus, as found in previous studies (18, 25) , valuable Fusarium wilt suppression conferred by seed, soil, or seed + soil treatments with biocontrol agents can be annulled by high inoculum densities of F. oxysporum f. sp. ciceris race 5.
Second, the effect of temperature in modulating Fusarium wilt suppression by the introduced rhizobacteria may also result from an influence of temperature on their activities. Ben-Yephet and Nelson (2) found that the level of suppression of damping-off caused by Pythium spp. in compost treatments was dependent on the incubation temperature; they suggested that this effect may be due in part to different levels of microbial activity in the different composts at the different incubation temperatures. This type of temperature response has also been observed in the biological control of Pythium aphanidermatum by sugar beet rhizobacteria (42) . In this latter study, suppression of the pathogen was expressed at 20°C but not at 27°C, and this effect was directly correlated with bacterial activity in the rhizosphere. In our study, the mechanisms involved in the temperature effect on suppression of Fusarium wilt by rhizobacteria are not known yet. We speculate that different temperatures may lead to different levels of rhizosphere establishment and root colonization by the introduced bacteria that relates to biocontrol efficiency. Preliminary studies in our laboratory indicate that endophytic and rhizosphere bacterial colonization, and chickpea emergence and growth promotion by these bacterial isolates, are greatly influenced by temperature (B. B. Landa, J. A. Navas-Cortés, A. Hervás, and R. M. Jiménez-Díaz, unpublished data). Rapid colonization and persistence in the rhizosphere of introduced biocontrol agents are especially important in biological control of Fusarium wilts because of motile infections courts in these diseases (1) . Because many root tips develop during root growth, there is a high likelihood of successful infections in them at optimum conditions for disease such as those in our study. Thus, temperature adequate for efficient disease suppression should reduce the efficacy of pathogen inoculum and yet allow rhizobacteria to cope with root growth in protecting new infection courts.
Results from our study agree with those of other authors in that the efficacy of biocontrol agents in suppressing disease decreases as conditions become more favorable for disease development (3, 22) . This emphasizes the convenience of integrating the use of rhizobacteria with existing practices for the management of Fusarium wilt in chickpea. Advancing the sowing date from early spring to early winter is a good choice in this strategy because it can delay the onset and slow down the development of epidemics and minimize the final amount of disease (34) . Studies are in progress to determine the efficiency of integrating choice of sowing date, chickpea cultivar, and use of rhizobacteria in the management of Fusarium wilt.
Several authors have reported the utility of dose-response models in driving biocontrol research approaches and interpretations (26, 37, 40) . However, pathogen dose and environmental factors (i.e., incubation temperature) influencing the level of pathogen inactivation occurring per unit of biocontrol agent is predicted to radically change the resulting dose-response curves (21, 31) . Additionally, the microbial environment can influence dramatically microbial functions and performance, and in most cases the influence of these factors on antagonists dose-response has not been studied (40) . Application of epidemiological and mathematical models to data of biocontrol experiments should help to clarify the complexities of these interactions and reveal fundamental ecological and biological principles of microbial interactions (37) .
Montesinos and Bonaterra (31) pointed out that there is a need for objective means to fit data on infectivity titration of pathogens and biocontrol agents to suitable models that may provide doseresponse surfaces and parameters describing the virulence of the pathogen and the efficiency of the biocontrol agent. In our study, the response surface analysis and epidemiological dose-response models employed were useful for describing, clarifying, and characterizing differences in the efficacy of rhizobacteria on the suppression of Fusarium wilt in chickpea as influenced by incubation temperature and inoculum density of the pathogen. In addition, these observations would help to identify conditions for which treatments with bacterial isolates would potentially improve efficacy in suppressing Fusarium wilt in chickpea.
Recognition of conditions under which biocontrol agents fail in disease control is the first step toward designing approaches to combat the problem. Furthermore, the variable efficacy of biological control emphasizes the need to evaluate these agents under variable environmental conditions (3) . Results from our study were obtained under conditions of low, moderate, and high disease as influenced by the inoculum density of F. oxysporum f. sp. ciceris in soil and incubation temperature. A better understanding of these effects would help in designing new strategies for the efficient use and improved performance of these biocontrol agents.
